Spin coating of multicomponent precursor solutions was employed in conjunction with block copolymer nanotemplates to fabricate nanopatterned functional multielemental materials. Nanodot and nanowire arrays of several multielemental materials exhibiting optoelectronic and multiferroic properties have been fabricated on various substrates to demonstrate the versatility of our approach. The shape, size and density of nanopatterned multielemental materials can be tuned in a variety of ways. This low cost and large scale solution nanopatterning process without a harsh etching step may offer a new opportunity for development of ultrahigh density device nanostructures.
Introduction
Multielemental materials demonstrate a broad spectrum of attractive properties, owing to the large degree of freedom in their chemical composition and atomic arrangements. In particular, the subtle changes in the interaction among the valence electrons of constituent elements give rise to the wide range of tunability in electrical conductivity from insulator to superconductor [1] as well as various fascinating functionalities such as ferroelectricity, ferromagnetism, optoelectronic properties, and so on [2, 3] . In order to integrate the attractive functionalities of multielemental materials into functional nanoscale devices, developing a nondestructive nanopatterning technique that may secure the complex functionalities of multielemental materials is crucial [4] [5] [6] .
Creating a nanopatterned structure on a substrate surface is an essential step towards developing nanomaterials and nanodevices and investigating their novel properties at different length scales [7] [8] [9] . Continued advances in higher density circuits, storage devices or displays crucially depend on the 3 Author to whom any correspondence should be addressed. ability to produce ultrahigh density arrays of nanoscopic functional components. As the feature scale of nanodevices becomes smaller, conventional photolithography becomes increasingly more difficult and expensive. Alternative routes that may circumvent the technological limitations of conventional photolithography are inevitable for the further development of nanomaterials and nanodevices [10] .
Block copolymer self-assembly has proven itself to be a successful route to nanofabrication [11, 12] . The rapid parallel assembly of block copolymers generates highly ordered nanotemplates [13] . Furthermore, the directed assembly of block copolymer thin films upon prepatterned surfaces [14] [15] [16] [17] or under an external field [18] [19] [20] may generate laterally ordered nanopatterns that are potentially useful for diverse advanced applications. Currently, the most widely used pattern transfer methods for block copolymer nanopatterning are selective etching or selective deposition. In selective etching, block copolymer templates are utilized as an etching mask to generate topographically nanopatterned substrates [21, 22] . This simple approach is highly compatible with the industrial device fabrication process, but chemical or physical etching may cause severe damage to the functionality of substrate materials, particularly in a nanoscale dimension [23, 24] . Taking advantage of the easy lift-off of the block copolymer nanotemplate, evaporation [25] or electro-deposition [18] may create a well-ordered metal nanodot or nanowire array upon a substrate.
Nevertheless, those approaches have mostly been utilized with single-component metals so far. Besides, several approaches such as selective wetting [26, 27] or hybrid assembly with nanoparticles [28] have been explored, where complete removal of the block copolymer template without damaging functional nanostructures and the subsequent densification of the remaining patterned materials are challenging issues.
Spin coating is a facile and inexpensive method for large scale film fabrication. Solution precursors or nanoparticle dispersions could be uniformly coated on a substrate surface by a simple process of spin coating. Subsequent thermal treatment may generate the uniform thin films of ceramics [29] , semiconductors [30] and metals [31] with a fine tunability of film thickness.
Furthermore, thin films of multielemental materials can be readily prepared in stoichiometric composition from well-formulated multicomponent precursor solutions [32] . Herein we present a straightforward solution coating method for nanopatterned multielemental materials by means of block copolymer self-assembled nanotemplates.
Nanodot and nanowire arrays of multielemental materials exhibiting optoelectronic, multiferroic and optical properties have been produced by our versatile approach. In general, the nanopatterned structures of multielemental compounds or low level doped materials are considered difficult to create in stoichiometric composition. In our approach, the spin coating of multicomponent precursor solutions over block copolymer nanoporous templates readily created highly functional nanopatterns of multielemental materials in stoichiometric composition, whose critical dimensions were on a scale of 20 nm.
Experimental methods

Materials
Silicon wafer, SrTiO 3 single crystal substrate and Pyrex glass were used as-received. Asymmetric and symmetric block copolymers PS-b-PMMA (46 000-21 000, 52 000-52 000) were purchased from Polymer Source. The chemicals used for sol-gel solution were purchased from Aldrich and used asreceived without further purification.
Sol-gel precursor synthesis
The precursor solution for ZnO was prepared by dissolving zinc acetate 2-hydrate [Zn(CH3COO) 2 ·2H 2 O] and ethanolamine in 2-methoxyethanol (MEA). The transparent solutions, with a concentration of 0.1 mol l −1 zinc acetate and a 1:1 molar ratio of MEA:zinc acetate, were prepared through reflux at 80
• C for 30 min. • C and subsequently trifluoroacetic acid (TFA) was added as a fluorine source. The concentration of precursor was 0.2 mol l −1 .
Characterization
The microstructure of the prepared samples was measured with a Hitachi S-4800 scanning electron microscope (SEM) at 2 kV. The elemental compositions were determined by an energy-dispersive x-ray system. Photoluminescence (PL) measurements were performed at room temperature using the 325 nm line of a He-Cd laser as the excitation source. The nominal pump power was 45 mW, and the spectra were corrected for the system response. The resistivity was measured using the DC four-point probe method. The optical transmission analysis was carried out with a Shimadzu UV3101PC spectrophotometer. The x-ray diffraction (XRD) patterns were recorded using a Rigaku D/MAX-RC diffractometer (40 kV, 80 mA) with Cu Kα radiation.
Results and discussion
A schematic representation of our nanoscale solution coating process is shown in figure 1 . Asymmetric or symmetric polystyrene-block-polymethyl methacrylate (PS-b-PMMA) block copolymers (M n (g mol −1 ) of PS and PMMA blocks: asymmetric 46 000 and 21 000 and symmetric 52 000 and 52 000) were used to prepare nanotemplates consisting of vertical nanocylinders or nanolamellar arrays, whose high aspect ratio and vertical sidewall profiles are suitable for the subsequent solution filling process. The surface of the underlying substrate materials, including silicon wafer, Pyrex glass and SrTiO 3 , was covalently modified with a poly(styrene-random-methyl methacrylate) (P(S-r-MMA)) brush layer or phenethyltrichlorosilane (PETS) self-assembled monolayer. The polymeric or organic monolayer has an identical interfacial tension for PS and PMMA components such that the anisotropic nanostructures of PS-b-PMMA cylinders or lamellae were spontaneously oriented to a surface perpendicular direction in the equilibrium morphology formed after thermal annealing [33] . A thin film of block copolymer was spin-coated on the neutral substrate and annealed at 190
• C to form a nanotemplate consisting of a vertical cylinder or lamellar array. The PMMA component, constituting cylindrical cores or parts of lamellae, was selectively removed by a mild oxygen plasma treatment (etching selectively, 1:3 for PS:PMMA). The remaining PS nanotemplate was rendered polar during the plasma treatment, which was crucial for the complete filling of nanopores with polar precursor solution. The resulting PS template was filled with a multicomponent precursor solution through spin coating (spinning rate 1500-3500 rpm). After a short thermal treatment at 150
• C, the PS template was completely removed by sonication in toluene. Thereafter, the substrate was sufficiently annealed at a high temperature to crystallize the remaining multielemental nanomaterials.
Our solution nanopatterning method was first employed to prepare a ZnO nanodot array. ZnO is a wide band gap semiconductor with a large exciton binding energy and has been widely used in solar cells, transistors, light emitting diodes, gas sensors, powering devices, and so on [34, 35] . Figure 2(a) shows the SEM image of a nanoporous template consisting of a hexagonally packed cylindrical nanopore array in a PS matrix. The average pore diameter and center-tocenter distance between neighboring pores were 20 nm and 40 nm, respectively. The cross-section image shows that the cylindrical pores were vertically oriented throughout the entire film thickness of 30 nm. The ZnO precursor was prepared by dissolving zinc acetate 2-hydrate in 2-methoxyethanol and ethanolamine [36] . Figure 2(b) shows the SEM image of a ZnO nanodot array fabricated by means of spin coating via block copolymer template. The thermal annealing was performed at 600
• C under an oxygen environment. The average diameter of nanodots and the center-to-center distance between them were 20 nm and 40 nm, respectively, which exactly replicated the self-assembled morphology of the asymmetric block copolymer nanotemplate. The resulting density of nanodots was over 7 × 10 10 dots cm 2 . The chemical composition of the ZnO nanodot array was confirmed by an energy-dispersive analysis of the x-ray (EDAX) spectrum ( figure 2(c) ). The EDAX spectrum of the ZnO nanodot array clearly shows Zn Lα and O Kα peaks. The C Kα peak was not observed, which indicates that the PS template has been completely removed. Photoluminescence (PL) spectra (figure 2(d)) were measured at room temperature using a He-Cd laser operating at 325 nm. The obtained ZnO nanodot array shows a strong UV emission at 375 nm, which is attributed to the near band-edge emission coming from the recombination of excitons. The absence of commonly encountered deep level or trap-state defect emission in the green region demonstrates the absence of oxygen vacancies in the nanopatterned ZnO [37] . The ZnO nanodot array with a strong UV emission without defect emission is a promising candidate for room-temperature UV lasing or optoelectronics.
Our solution coating provides a low cost and efficient preparation method for highly functional complex oxide materials such as BiFeO 3 . BiFeO 3 is an attractive leadfree multiferroic material that can potentially be used in high density storage nanodevices such as random-access memories [38, 39] . SrTiO 3 is chosen as the substrate for the epitaxial growth of BiFeO 3 . The precursor solution was prepared by dissolving iron nitrate, bismuth nitrate and citric acid in ethylene glycol [40] . Figure 3(a) shows the SEM image of the BiFeO 3 nanopattern after thermal annealing at 700
• C in oxygen. It shows a uniform nanodot array with an average dot diameter of about 10 nm, which is much smaller than the pore size of the block copolymer template (20 nm). The size of the nanodots could be tuned by controlling the pore size in the block copolymer template, the concentration of the precursor solution and the spinning rate. Although the size of the nanodot was smaller, the center-to-center distance between neighboring nanodots was 40 nm, consistent with the center-to-center distance between neighboring cylinders of a block copolymer template. The cross-section image ( figure 3(b) ) clearly shows a uniform nanodot array with a height of about 10 nm. An EDAX spectrum ( figure 3(c) ) was used to characterize the chemical composition of the BiFeO 3 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 In addition to the nanodot array, which replicated the vertical nanocylinder array, our approach may produce an ultrafine nanowire array of functional multielemental materials, replicating vertical lamellar templates of block copolymers. Optically transparent, electro-conductive materials are useful for optoelectronic devices such as photovoltaic cells, light emitting diodes, flat panel displays, and so on [41] . Owing to their high stability in the reducing ambient, natural abundance, and low cost, Al-and Ga-doped ZnO have attracted technological interest as an alternative to In 2 O 3 :Sn (ITO) [42, 43] . The directed growth of Al-and Ga-doped ZnO nanowires oriented parallel to the substrate surface might offer a desired structure for diverse device applications. High density ZnO:Al nanowire arrays were prepared on Pyrex glass substrates using lamellar PS-b-PMMA films as a template. The cross-section SEM image ( figure 4(a) ) shows a PS template consisting of vertical PS lamellae (lamellar space 24 nm), formed after selective removal of PMMA components. The perpendicular PS lamellae completely penetrated the film thickness of 50 nm. The template was filled with ZnO:Al (1% Al) precursor solution by spin coating. The ZnO:Al precursor solution was prepared by dissolving zinc acetate 2-hydrate, aluminum nitrate 9-hydrate in 2-methoxyethanol and etholamine. The SEM image of the ZnO:Al nanostructure after thermal annealing at 600
• C in a vacuum is shown in figure 4(b) . The plane view of ZnO:Al nanowire morphology perfectly replicated the plane view of the lamellar morphology of a block copolymer template. Both the width and the spacing of the nanowires were 24 nm, and their height was approximately 20 nm. The electrical conductivity of the asprepared ZnO:Al nanowire array was measured by a four-point probe method. The typical resistivity value was 9×10 −4 cm, which is close to the value for ZnO:Al film prepared by standard vapor deposition methods [44] . The transmission spectra of ZnO:Al nanowires prepared on glass is shown in figure 4 (c). The ZnO:Al nanopattern was highly optically transparent, exhibiting transmittance throughout over 90% of the visible spectrum region (400-700 nm), which meets the requirements for a transparent conductive oxide.
In order to elucidate the universality of the present method, nanopatterned nonoxide multielemental materials were also fabricated. Ultraviolet (UV) transparent materials such as CaF 2 and MgF 2 are optical materials widely used in the vacuum UV region [45, 46] . Owing to their outstanding properties, including transparency in a wide wavelength range, strong damage resistance for laser irradiation, and high thermal and chemical stability, these materials are widely used in optics and optoelectronics [47, 48] . The preparation of MgF 2 nanowire arrays was similar to that of ZnO:Al nanowires. The MgF 2 precursor solution was composed of magnesium acetate, TFA, ethanol and water [49] . Figure 5(a) shows the SEM image of the MgF 2 nanostructure after thermal annealing at 500
• C in nitrogen. MgF 2 nanowires, whose line width and space were 24 nm, were prepared. The EDAX spectrum of the nanowire array exhibited three peaks of Zn Lα, F Lα and O Lα ( figure 5(b) ). The O Lα peak originated from the native oxide layer of the Si substrate since MgF 2 is usually oxidized above 600
• C in air [50] . The x-ray diffraction pattern ( figure 5(c) ) of the nanowires exhibits (110) and (111) peaks of MgF 2 without any peak for crystalline MgO.
Conclusions
We have demonstrated a highly efficient, versatile solution processing method for a variety of functional multielemental nanostructures. Our approach, that synergistically combines block copolymer self-assembly and solution spin coating, has the following advantages. First, functional multielemental nanomaterials can be readily fabricated by a low cost, high throughput process. In particular, it avoids any subsequent etching steps, which may severely damage the functionality of complex multielemental materials. Second, the size and areal density of nanopatterns can be independently tuned by processing parameters, such as the pore size in the block copolymer template, the concentration of the precursor solution, and the spinning rate. Finally, longrange ordered device-oriented nanopatterns consisting of nanowires or nanodot arrays are attainable if our approach is further developed in conjunction with directed assembly techniques [51, 52] . We anticipate that our straightforward approach may offer a new opportunity for nanofabrication and nanodevices.
